ABSTRACT: We report a novel molecular assay, based on helicasedependent amplification (HDA), for the detection of enterococci as markers for fecal pollution in water. This isothermal assay targets the same Enterococcus 23S rRNA gene region as the existing quantitative polymerase chain reaction (qPCR) assays of U.S. Environmental Protection Agency Methods 1611 and 1609 but can be entirely performed on a simple heating block. The developed Enterococcus HDA assay successfully discriminated 15 enterococcal from 15 non-enterococcal reference strains and reliably detected 48 environmental isolates of enterococci. The limit of detection was 25 target copies per reaction, only 3 times higher than that of qPCR. The applicability of the assay was tested on 30 environmental water sample DNA extracts, simulating a gradient of fecal pollution. Despite the isothermal nature of the reaction, the HDA results were consistent with those of the qPCR reference. Given this performance, we conclude that the developed Enterococcus HDA assay has great potential as a qualitative molecular screening method for resource-limited settings when combined with compatible up-and downstream processes. This amplification strategy can pave the way for developing a new generation of rapid, low-cost, and field-deployable molecular diagnostic tools for water quality monitoring.
■ INTRODUCTION
For more than a century, the microbiological status of water resources has been assessed on the basis of selective cultivation of fecal indicator bacteria such as Escherichia coli or intestinal enterococci. This approach is well established, has been widely adopted, and represents the methodological and regulatory basis for water quality monitoring in many countries. 1, 2 However, there are well-known drawbacks and shortcomings associated with it, notably the speed with which results can be provided. Standard culture-based methods for fecal indicator enumeration require 18−72 h. 3, 4 However, several studies have shown that temporal changes in fecal indicator bacteria levels occur much more rapidly. 5−8 As a result, many people may have been exposed to contaminated waters by the time a routine test reveals that there is a problem.
Therefore, an increased level of interest has been directed in the past decade toward the use of molecular methods as rapid detection tools that directly quantify fecal indicator bacterial cells or their intracellular molecules, such as adenosine triphosphate (ATP) or genetic markers (DNA and RNA). Among the explored technologies are flow cytometry, 9 immunomagnetic separation/ATP, 10, 11 and quantitative polymerase chain reaction (qPCR). 12, 13 Specifically, qPCR has received much attention from researchers and regulators. For the enumeration of enterococci, results of qPCR have been found to correlate with those of traditional culture-based methods 13−15 but can be obtained in as few as 3−4 h. This allows a more timely notification of water quality and same-day health warnings. Supported by epidemiological studies, 16−18 qPCR was adopted by the U.S. Environmental Protection Agency (U.S. EPA) in 2012 as a recommended method for rapidly enumerating Enterococcus spp. in recreational surface water. 19 The two published qPCR-based analysis methods, U.S. EPA Method 1611 20 and U.S. EPA Method 1609, 21 both target a specific 93 bp region of the Enterococcus 23S rRNA gene and can be used by routine laboratories as an option for monitoring recreational beach water quality. However, the implementation of qPCR methods at a point of use can be a challenge. From a methodological standpoint, qPCR requires costly high-end instruments (qPCR thermocycler machines) and extensively trained personnel to perform the method, as well as to analyze and interpret the obtained data. These factors greatly restrict the method's accessibility and adoption, especially in resourcelimited settings.
Isothermal amplification methods, such as helicase-dependent amplification (HDA), address these limitations and offer the opportunity to deliver the benefits of molecular assays beyond well-funded, centralized laboratories. Initially described in 2004, 22 HDA is an in vitro DNA amplification method that can be performed at a constant temperature (∼65°C). Unlike the rapid and repeated heating steps required in PCR, HDA uses the natural unwinding activity of DNA helicase enzymes to separate DNA double strands for subsequent primer annealing and extension. This reaction mechanism facilitates a >1 millionfold amplification of the target sequence without the need for thermal cycling throughout the reaction. 22 Thus, HDA can be performed on a simple heating block, in a water bath, or even entirely without electricity (using exothermic chemical heating). 23, 24 At the same time, HDA offers the advantages of PCR technology, such as high specificity and sensitivity, as well as the capability for multiplex detection. 25, 26 Furthermore, the relative simplicity of the reaction makes HDA an appealing method for incorporation into portable, battery-operated microfluidic lab-on-the-chip systems. 27−30 For instance, HDAemploying microfluidic devices that integrate nucleic acid extraction, amplification, and detection steps in a single device have been described. 30, 31 These accomplishments highlight the potential of the technique to be used in resource-limited settings by non-experts. Until now, however, HDA has been mainly used for pathogen detection in clinical diagnostics. 26,32−35 Our vision is to take advantage of HDA amplification to provide a foundation for future low-cost and rapid water quality monitoring tools ( Figure 1 ). The basic premise is nevertheless that the analytical performance of this amplification strategy is shown to be comparable with the qPCR reference. Thus, the aim of this study was to design and develop an HDA assay that is complementary to an existing qPCR assay for the molecular detection of enterococci in environmental waters and to assess its performance as a potential screening tool. The term "complementary" in this context refers to equivalence in terms of specificity and sensitivity (not on being quantitative). To that end, the primers of the qPCR assay of U.S. EPA Method 1611, targeting the 23S rRNA gene as a marker for fecal pollution, were transferred into the HDA reaction format. The performance of the developed Enterococcus HDA assay was evaluated and compared to that of the qPCR reference with respect to specificity, sensitivity, limit of detection, and analysis of environmental isolates, as well as its applicability to environmental water sample DNA extracts. Visionary concept of an analytical procedure for water quality testing in which HDA amplification is used for the molecular detection of enterococci in water.
Step 1 consists of sample preparation and DNA extraction.
Step 2 consists of HDA amplification (focus of this study, development and evaluation).
Step 3 consists of detection and readout of results.
Additionally, 45 environmental isolates of enterococci collected from four sampling locations in Austrian surface water bodies throughout the past four seasons were used for the evaluation of the HDA assay. These isolates were cultivated according to the ISO standard. 3 Single colonies were picked from culture plates for subsequent DNA extraction and stored at −80°C. The identities of the environmental enterococcal strains were confirmed using 16S rRNA gene sequencing analysis, as described previously by Ryzinska-Paier et al. 36 Environmental Water Samples. A set of 30 environmental water sample DNA extracts were compiled from previous studies, comprising spring/groundwater, surface water, and wastewater samples. Groundwater and spring water samples were taken from the work of Kirschner et al., 37 whereas all surface water samples originated from the Joint Danube Survey 2013. 38 Wastewater influent and effluent samples were recovered from various Austrian wastewater treatment plants, described previously by Mayer et al. 39 DNA Extraction. Genomic DNA from pure cultures of bacterial reference strains and environmental isolates of enterococci was extracted using the peqGOLD Bacterial DNA Kit (Peqlab, Erlangen, Germany), according to the manufacturer's protocol. DNA from environmental water samples was extracted from 0.2 μm polycarbonate filters using bead beating and phenol/chloroform as described previously. 40 DNA concentrations were measured using the QuantiFluor dsDNA System (Promega, Mannheim, Germany). DNA extracts were stored at −20 and −80°C until they were further processed with HDA and qPCR in parallel.
Primer and Probe Sequences. All oligonucleotides were synthesized by Eurofins MWG (Ebersberg, Germany). qPCR primer and probe sequences were those described in U.S. EPA Method 1611 20 and U.S. EPA Method 1609: 21 forward primer (5′-GAGAAATTCCAAACGAACTTG), reverse primer (5′-CAGTGCTCTACCTCCATCATT) and TaqMan probe ([6-FAM]-5′-TGGTTCTCTCCGAAATAGCTTTAGGGCTA-TAMRA). For HDA, the same forward and reverse primers were used.
Enterococcus HDA Assay Protocol. Enterococcus HDA reactions were performed on a heating block (PocketBloc, Biozym, Germany), using the IsoAmp II Universal tHDA kit (New England BioLabs, Ipswich, MA) in a final reaction volume of 20 μL. Following a two-step protocol, 10 μL of mix A containing 1× annealing buffer II, each primer at 0.6 μM, and 2.5 μL of DNA was overlaid with mineral oil and heated at 95°C for 3 min for initial target DNA denaturation. After subsequent equilibration at 65°C for 3 min, 10 μL of mix B containing 1× annealing buffer II, 8 mM MgSO 4 , 80 mM NaCl, 3.5 μL of an IsoAmp dNTP solution, and 3.5 μL of IsoAmp enzyme mix was added. Reaction mixtures were then incubated at 65°C for 90 min. HDA products (10 μL aliquots) were analyzed in 2.5% agarose gels stained with SYBR Gold (Thermo Fisher Scientific, Waltham, MA). HDA reactions that showed a band at the correct size (93 bp) were counted as positive. Unless otherwise noted, amplification reactions were performed in triplicate, including the no-template controls in each run that served as a contamination check.
Enterococcus qPCR Assay Protocol. The Enterococcus qPCR assay was performed in a total reaction volume of 15 μL, containing 1× Kapa Probe Fast (Peqlab), each primer at 1 μM, 80 nM FAM-labeled Enterococcus TaqMan probe, and 2.5 μL of the DNA template. The amplification reactions were performed on a 7500 Fast Real-Time PCR system (Applied Biosystems, New York, NY), according to the following thermal cycling conditions: initial step of 5 min at 95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. Unless otherwise noted, amplification reactions were performed in triplicate, including no-template controls in each run to check for contamination. Quantification was achieved by running a dilution series of plasmid DNA containing the diagnostic fragment of the En. faecalis 23S rRNA gene. Statistical Analyses. A 95% limit of detection (LOD 95% ) was defined as that concentration at which a detection probability of 95% is expected. Detection probabilities were modeled as a function of concentration using a logistic regression model, and R software (R Development Core Team, 2008) was employed for this computation. Contingency analysis was conducted in two-by-two contingency tables and by performing χ 2 tests, using IBM SPSS Statistics 24 software. For this purpose, triplicates of the HDA and qPCR analyses were clustered: zero positives of three replicates was rated as a negative result, whereas one, two, or three positives of three replicates was rated as a positive result.
■ RESULTS AND DISCUSSION HDA Assay Development. In an effort to develop an Enterococcus HDA assay, the primer sequences described in the qPCR assay of U.S. EPA Method 1611 20 were initially assessed in silico using OligoAnalyzer version 3.1 (https://eu.idtdna. com/calc/analyzer) and the Oligonucleotide Properties Calculator (http://www.basic.northwestern.edu/biotools/oligocalc. html). It is specifically relevant for HDA that parameter settings, such as the size, GC content, and melting temperature of the primers, as well as the size and melting temperature of the amplicon, match the criteria of the HDA reaction. 41 To experimentally investigate whether the primer set yields an amplification product of the expected size, a subset of bacterial target strains was tested and used to optimize the HDA assay protocol. A series of experiments was performed in which the reaction temperature (60−65°C) and the concentrations of primers (0.1−1 μM), MgSO 4 (4−10 mM), and enzyme mix (2−3-fold excess) were varied to ensure efficient amplification. Final reaction conditions can be found in the Experimental Section.
Sensitivity and Specificity. The sensitivity and specificity of the HDA assay were evaluated with a set of 15 enterococcal (target strains) and 15 non-enterococcal (nontarget) reference strains. These bacterial strains were selected on the basis of the following rationale. Target strains comprised Enterococcus species predominant in human and animal hosts, 42 whereas selected nontarget strains included species that are relevant in (fecally polluted) environmental waters and also species that are phylogenetically closely related to enterococci. 43 Each strain was analyzed with HDA and qPCR at three different concentrations (1 ng, 10 pg, and 0.1 pg of DNA per reaction) to simulate high, medium, and low bacterial loads, respectively. Table 1 summarizes the results obtained from both methods, including the calculated sensitivity and specificity percentages at each DNA concentration level.
With respect to sensitivity, the HDA and qPCR results were almost identical. At high (1 ng per reaction) and medium (10 pg per reaction) DNA concentrations, the developed HDA assay reliably detects all Enterococcus strains (100%). A slightly reduced sensitivity (87%) for several Enterococcus species was observed only at low DNA concentrations (0.1 pg per reaction). However, each of those strains gave one or two positive results per triplicate analysis. It must be emphasized that during a screening approach, triplicate results would be clustered; a sample giving at least one positive result would be suspicious and thus would be subject to further testing with qPCR methods. The ability to detect all tested Enterococcus strains highlights HDA's potential for complementary applications.
In contrast, the specificity of the HDA assay at all tested DNA concentration levels was higher than that of qPCR. However, several nontarget species such as T. halophilus, V. f luvialis, and M. plutonius were codetected via HDA (at high concentrations) and qPCR (even at low concentrations). This can be attributed to the high degree of sequence similarity in the 23S rRNA gene target region between these strains and Enterococcus spp. For instance, M. plutonius (GenBank accession number AJ295317) differs in four single bases from En. faecalis (GenBank accession number AJ295306), and only one of these mutations is located in the primer region (close to the 3′ end of the reverse primer). Surprisingly, despite using the same primers as qPCR, HDA is capable of discriminating between M. plutonius and En. faecalis at medium and low concentrations (zero of three replicates, compared to qPCR that still reports three of three at these levels). We therefore tested whether qPCR achieves similar results when the annealing temperature is increased from 60 to 65°C, which was the temperature used for the HDA reaction. This modification failed to reduce the number of qPCR false positives (data not shown).
However, from a practical point of view, there are several aspects to consider. First, some of the nontarget strains (phylogenetically related species) have little relevance in environmental waters. Second, the abundance of the nontarget strains at high concentrations (1 ng of DNA of a bacterial nontarget strain per reaction equals ∼10 5 DNA molecules per reaction, assuming a genome size of approximately 2 million bp) represents a highly unrealistic scenario, as these species represent only a small proportion of microorganisms that might occur in fecally polluted water. Third, false positive results overestimate, rather than underestimate, the presence of enterococci and thus the potential risk of fecally contaminated waters. For a screening method, avoiding false negatives is more important than avoiding false positives. Nevertheless, the developed HDA assay has been shown to specifically discriminate between enterococcal and non-enterococcal strains better than qPCR, at all tested DNA concentration levels, despite the use of the same primers and a predetermined 23S rRNA gene target region.
Limit of Detection. To determine a limit of detection (LOD), a dilution series of genomic DNA of En. faecalis DSM-20478, ranging from 21 to 0.1 target molecules per reaction (with regard to the 23S rRNA gene copies), was analyzed with HDA and qPCR in 20 replicates each. We defined the LOD as the concentration that is detected in at least 95% of the replicates (LOD 95% ). For this reason, the results of both methods were statistically analyzed with the R software using the logistic regression model (Figure 2 ). We determined an LOD 95% of 25.0 DNA target copies per reaction for the HDA assay and 7.5 DNA target copies per reaction for the reference qPCR assay. Considering the difference in instrument complexity between the two methods and the fact that the primers used for the development of this Enterococcus HDA assay were originally designed for qPCR application, an LOD 95% that is only 3 times higher than that of qPCR is surprisingly low and suggests efficient optimization of the HDA reaction conditions.
Analysis of Enterococcus Isolates. To investigate whether the developed HDA assay is capable of detecting environmentally adapted Enterococcus strains, 48 isolates of enterococci from Austrian surface water bodies, cultivated on Slanetz- a The results are given as the number of positive reactions from triplicate analysis and in the calculated sensitivity and specificity percentages. Results of qPCR were scored negative when the c t value was undetermined or <1 copy was detected.
b The analyzed concentrations of 1 ng, 10 pg, and 0.1 pg of DNA are equivalent to approximately 10 6 , 10 4 , and 10 2 DNA target copies per reaction, respectively, for En. faecalis, with a genome size of 3.22 million bp. 55 These DNA copy numbers correspond to 2.5 × 10 5 , 2.5 × 10 3 , and 2.5 × 10 En. faecalis cells per reaction, respectively, considering that, in this species, there are four 23S rRNA gene copies per genome. 56 Because the genome size and the 23S rRNA operon number are not known for all species used in this study, DNA concentrations are reported in nanograms rather than in genome equivalents.
c Also known as En. solitarius. Assay sensitivity (%) = 100 × (true positives)/(true positives + false negatives).
e Assay specificity (%) = 100 × (true negatives)/(true negatives + false positives).
f qPCR data have also been used as a cross-comparison by Martzy et al. 57 Environmental Science & Technology Bartley and subsequently on Bile Esculin medium, 3 were tested with HDA and qPCR at a concentration of 10 pg of enterococcal genomic DNA per reaction. On the basis of 16S rRNA sequencing, these strains were identified as En. faecium (n = 15), En. faecalis (n = 8), En. mundtii (n = 7), En. hirae (n = 7), En. casselif lavus (n = 6), and En. gallinarum (n = 5). In accordance with the qPCR results, the developed HDA assay reliably detects all Enterococcus isolates tested.
Analysis of Environmental Water Sample DNA Extracts. To evaluate the applicability of the developed assay, a total of 30 DNA extracts from environmental water samples were tested with HDA and qPCR in parallel. The sample set consisted of spring/groundwater, surface water, and wastewater (corresponding influents and effluents of wastewater treatment plants), to simulate a range of fecal pollution.
As shown in Table 2 , the results were categorized into three classes: (I) unpolluted (spring/groundwater), (II) moderately polluted (surface and polluted spring water), and (III) highly polluted (wastewater) samples. The HDA results agreed with the qPCR results when samples of unpolluted and highly polluted waters were tested. Minor differences between the methods were observed upon analyzing moderately polluted samples. These small variations in triplicate analysis might be attributed to the slightly higher LOD of the HDA. With regard to its use as a potential screening method, however, samples giving at least one positive in a triplicate analysis would be classified positive and thus subjected to further testing with qPCR methods. The high level of agreement of the two methods is also underlined by contingency analysis, which revealed a highly significant and a strong correlation in the performances of HDA and qPCR (χ 2 test; ϕ = 1.000, p < 0.001; n = 30).
To rule out false-negative results due to inhibition, all samples negative in either qPCR or HDA were additionally tested by being spiked with En. faecalis genomic DNA at a concentration of 100 target copies. Re-analysis of those samples revealed overall positive results, with both methods indicating that no reaction inhibition was taking place, and the original results were indeed truly negative for enterococci.
Implementation of an HDA-Based Screening Method. The developed Enterococcus HDA assay has shown excellent performance, displaying amplification power, analytical specificity, and sensitivity comparable to those of current PCR technology but without the need for expensive equipment in the form of a thermocycler. Likewise, the determined performance characteristics suggest that the developed Enterococcus HDA provides a suitable candidate method for the screening of water samples and a solid basis for developing compatible up-and downstream processes.
As a next step, we plan to develop a simple, user-friendly, and time-saving procedure for sample preparation and DNA extraction ( Figure 1, step 1) . Our group recently reported methods based on ionic liquids for the direct extraction of DNA 44, 45 On the basis of this work, we will adapt the procedure for the efficient lysis of enterococcal membrane and cell wall biopolymers to rapidly and quantitatively extract the DNA. The benchmark here will be the sample preparation and DNA extraction procedure of U.S. EPA Methods 1611 and 1609 (DNA extraction using a bead beater after cells were collected on a membrane filter). The efficacy of ionic liquids as cell lysis/DNA extraction solvents was recently shown for Gram-negative bacterial cells (E. coli, ∼88% cell lysis efficiency and Salmonella typhimurium, ∼98% cell lysis efficiency in <5 min). 46 Furthermore, we plan to replace the gel electrophoresis method with a rapid (<10 min), inexpensive, and field-deployable nucleic acid lateral flow strip test for the detection of HDA products and the readout of results by the naked eye (Figure 1, step 3) . Several detection formats for nucleic acid lateral flow assays are discussed in the literature 47 and were reported in combination with HDA by our group 48 and others. 34, 49 In this way, minimally trained personnel can perform the test in settings with poor laboratory infrastructure.
The aforementioned strategies to complement the developed Enterococcus HDA assay can build up a simple and rapid molecular screening method (presence/absence test), which could support making decisions about health risks. For example, in this way, the microbiological status of typically unpolluted water resources such as groundwaters or spring waters can be rapidly assessed in resource-limited settings without sacrificing the advantages of PCR-based methods (i.e., specificity and sensitivity). Only suspicious samples (i.e., positive screening result) would require further testing with sophisticated methods (such as qPCR) to determine the extent of the potential health risk. Thus, such a tool can be beneficial for rationalizing water quality testing by providing an option for rapidly prescreening a large number of samples without delays caused by transporting the samples to centralized laboratories (qPCR methods) or delays caused by the lengthy incubation steps associated with bacterial growth (cultivation-based presence or absence and quantitative tests). Furthermore, it can offer an opportunity for developing countries to gain access to DNA-based water quality testing methods.
Perspectives for the Developed HDA Assay. Miniaturization and integration of the developed Enterococcus HDA assay in microfluidic platforms that are the size of a credit card could offer great opportunities in the future, especially when combined with smartphone technology for optical readout (reviewed in ref 50). In fact, a variety of microfluidic devices using HDA and other isothermal amplification methods were recently reported as these amplification strategies demand less power and are easier to operate in such devices compared to PCR-based methods. 51 Moreover, recent advances in microfabrication have led to the development of rapid, low-cost, and portable microfluidic chip systems for on-site digital isothermal quantification. 52−54 For instance, an interesting microfluidic platform − termed SlipChip − was reported that quickly subdivides the reaction mixture into more than thousands of nanoliter-scale compartments with a simple slipping step after pipet loading. 53 Robust digital isothermal quantification was achieved by counting the "positive" and "negative" wells using end-fluorescent readout 53 or colorimetric readout with an unmodified cell phone camera. 54 Integration of the developed Enterococcus HDA assay into such a platform could offer an opportunity to deliver quantitative results and thus an option for monitoring surface waters and recreational bathing areas outside of centralized laboratories by non-experts.
This study aimed to build up the basis for future approaches by providing an isothermal amplification assay that uses the same primers to target the same enterococcal 23S rRNA gene region as used in the existing qPCR methods. This study carefully assessed its applicability as an amplification platform and centerpiece for potential field-deployable tools. Considering the performance of the developed Enterococcus assay, the transfer of helicase-dependent amplification technology into the field of microbiological water quality analysis is encouraging and can offer simple, yet powerful, diagnostic tools for the detection of genetic targets.
